The role of genetic factors in Alzheimer disease (AD) varies across the late life span, complicating efforts to quantify the risk of AD for relatives of probands with AD.
N UMEROUS REPORTS INDI-
cate that first-degree relatives of patients with Alzheimer disease (AD) have an increased risk for this disease. 1 However, the variable role of genetic factors in AD complicates efforts to quantify the risk to relatives. A small fraction of AD cases have an autosomal dominant mendelian variant associated with very early onset. 2 The risk of AD arising after around age 60 years is influenced by the apolipoprotein E (APOE) genotype where the e4 allele increases the risk of AD compared with the more common e3 allele. 3 While a major risk factor, the APOE e4 allele does not explain all or perhaps even most of the familial aggregation in AD 2, 4 ; other unidentified or unconfirmed genes likely also affect the level of risk of AD as well as nongenetic factors. 2, 4, 5 Also, studies dichotomizing probands with AD at certain onset-age cut points (eg, age 70 or 85 years) have shown that relatives of probands with earlier onset face a greater risk of AD than relatives of probands with later onset. [6] [7] [8] Finally, even as the absolute risk of AD increases with age, the relative risk in family members of probands with AD is highest at early ages and decreases with increasing age. 8 Thus, no single relative risk statistic or one cumulative risk curve is uniformly appropriate for risk estimation for all relatives of probands with AD.
More specific risk estimation requires a comprehensive investigation of a large proband sample in which the varying ef-fects of proband onset age and the age of the at-risk relatives can be conjointly examined. (Even greater accuracy would be achieved through stratifying by APOE genotype, but this is typically unavailable for clinical purposes or genetic counseling [9] [10] [11] [12] and the sample requirements would be many times multiplied.) Rather than using a single arbitrary age cut point, the potentially complex relationship between onset age of the proband and age of the relative would be more fully revealed by displaying the changing levels of relative risk as these 2 parameters vary.
Beyond risk assessment, such an approach might help determine whether age at onset in AD is itself an independently heritable trait and, if so, whether this holds across the late life span. This possibility is especially pertinent since the APOE gene has been suggested to be a determinant more of AD onset age than overall disease liability (ie, associated less with whether than when AD arises). [13] [14] [15] For overall familial risk, determining whether onset age is a heritable trait is not straightforward. For example, correlating onset ages of multiple cases within families (ie, numerator data) fails to consider the changing base rates of disease at different ages and ignores simplex families. A better alternative approach would involve examining whether, across the broad range of proband onset ages, the peak levels of increased relative risk occur at approximately corresponding ages in the at-risk relatives. This approach incorporates the increasing risk associated with age and allows for variability of risk in relatives of probands with AD characterized by onset age.
In the present study, we used informant-based cognitive assessments of relatives of probands with AD and elderly probands without dementia to generate 3-dimensional surfaces representing the patterns of risk (using age interval-specific hazard rates) of AD over the late life span depending on the onset age of the proband with AD (or age at assessment in the elderly probands without dementia). This allowed us to measure the relative risk to family members of probands with AD, using hazard rate ratios (HRR), across smoothly shifting levels of proband age onset compared with relatives of elderly probands without dementia.
METHODS

ASCERTAINMENT OF PROBANDS WITH AD AND ELDERLY PROBANDS WITHOUT DEMENTIA
A detailed description of the recruitment and diagnostic procedures has been described elsewhere. 8 Briefly, since 1984, concurrent family data collection of both probands with AD and elderly probands without dementia has been conducted using uniform procedures either directly by or supervised by 1 of us ( J.M.S.). To provide a wide range of onset ages of probands with AD, probands with AD were ascertained from both clinic (which tends to include more earlier-onset AD) and nursing home (which tends to include more later-onset AD) settings. Probands with at least 1 knowledgeable family informant (Ͼ90% of prospective probands) and a clinical diagnosis of AD (n=904) were ascertained from consecutively admitted individuals to the Jewish Home and Hospital, Manhattan and Bronx, NY, (n=266) and consecutively admitted patients in memory disorders clinics associated with the Mount Sinai Alzheimer's Disease Research Center, New York, NY (n=638). Diagnosis of AD followed International Classification of Diseases, or the National Institute of Neurological and Communicative Disorders and Stroke and the Alzheimer's Disease and Related Disorders Associations' (NINCDS-ADRDA) criteria for probable AD. 16 Combining the probands with AD in this way posed the possibility of a family history status bias associated with the use of different proband diagnostic criteria (NINCDS-ADRDA vs ICD-9) and different proband sources (clinic vs nursing home). However, a recent investigation 17 found the familial risk of AD to be identical (relative risk, 1.0) between probands with AD diagnosed by NINCDS-ADRDA vs ICD-9 criteria. In addition, the cumulative risk curves in relatives of clinic-based and nursing home-based probands with AD were wholly indistinguishable when probands were matched by age at onset. These results justified combining the proband samples. Agreement on age at onset, defined for probands with AD and affected relatives as the age when the first definite symptom was recognized, between 2 independent family informants (interinformant reliability) and between independent interviews (and interviewers) separated by at least 1 and a half years (test-retest reliability) has been found to be very good (both intraclass correlations, 0.91). 18, 19 Elderly probands without dementia (n = 1525) were recruited from: (1) spouses of Mount Sinai Alzheimer's Disease Research Center probands (n=583); (2) spouses of Jewish Home and Hospital residents with and without dementia (n=371); (3) temporary (rehabilitation) residents without dementia at the Jewish Home and Hospital (n=145); and (4) participants in New York City-sponsored senior centers (n=426). 20 In all cases, these elderly probands were required to be functional in the community (although physical impairments might be present), to have no subjective memory complaints, and to be able to provide comprehensive, detailed histories regarding themselves, their family of origin, and their spouse (if married). Other details describing the ascertainment of our sample without dementia have been published previously. 8, [20] [21] [22] Using a subset of the current sample, the cumulative risk curve for AD in relatives of senior-center participants and that of other elderly probands without dementia were highly similar. 22 Finally, we reran these analyses using the present data set and again found very similar risk curves (log rank, 0.04; PϾ.80), justifying the joining of these probands without dementia.
ASSESSMENT OF RELATIVES
The siblings and parents of the probands with AD and elderly probands without dementia were identified by telephone or in person with 1 or more family informants. The Alzheimer's Disease Risk Questionnaire 23 was used to assess birth year, sex, current age (if alive), or age at and cause of death (if not) for each relative. The Alzheimer's Disease Risk Questionnaire was also used to screen for dementia, cognitive impairment, or memory loss of any type, and if suggested, the Dementia Questionnaire 18 was administered. The 50-item Dementia Questionnaire was used to determine whether a dementia was present and, if so, its specific type and age at onset. Alzheimer disease was diagnosed according to previously published criteria 19 similar to DSM-IV criteria for dementia of the Alzheimer type 24 but modified for informant-based assessment. For AD, this method has had very good interinformant 18 and test-retest 19 reliability. Furthermore, in both our hands and others, the Dementia Questionnaire has shown excellent sensitivity and specificity for identifying dementias ascertained through direct clinical and neuropathological diagnoses. [25] [26] [27] All protocols used were approved by the Mount Sinai institutional review board and the Jewish Home and Hospital, and informed consent was obtained. 
STATISTICS
We used survival analysis, specifically the actuarial life table method, for the primary statistical procedures. 28 This method has typically been used to generate cumulative risk curves and, less frequently, associated age-specific hazard rates and to compare different groups (eg, in relatives of probands with AD vs probands without dementia or relatives of probands with earlyonset vs late-onset AD) using hypothesis testing. 6, 8, 29, 30 In the present study, we used survival analysis in a novel way (ie, to visually examine the risk of AD in first-degree relatives of probands with AD associated with the conjoint, continuous effects of onset age of the proband with AD and the age of the relatives themselves). For this purpose, we constructed 3-dimensional surface plots to provide a smooth graphic representation of the changing pattern of the medium-term (10-year) risk of AD in relatives of probands with AD and relatives of elderly probands without dementia over time and across probands with different onset ages (probands with AD) or ages at assessment (elderly probands without dementia). The kernel statistic for this study was the age interval-specific hazard rates (ie, the per-year risk of disease an individual faces in an age interval given that he or she is alive and at risk at its start). Thus, a single hazard rate statistic is the proportion of cases identified within a given age interval divided by the number of personyears in at-risk relatives living to at least the start of the interval and adjusting for the censorship during the interval.
For probands with AD, we defined groups of probands by whether their onset of AD fell within a specified age range. Similarly, groups of elderly probands without dementia were created according to whether their age at assessment fell within a specified age range. We used 30 different 15-year age ranges from age 53 to 97 years to obtain sufficiently large groups of probands with AD and elderly probands without dementia across the late life span. Each of these proband groups differed from the adjacent groups by a 1-year shift in age range. Thus, for probands with AD, the first group included those with onset between ages 53 and 67 years (median age at onset, 60 years). The second, overlapping, group included those with onset between ages 54 and 68 years (median age, 61 years), the third included those with onset between ages 55 and 69 years (median age, 62 years), and so on until the last group of probands with AD was defined with onsets between ages 83 and 97 years (median age, 90 years). We used the same procedure on the elderly probands without dementia with their age at the time of assessment (15-year intervals shifting, year by year, over the same span of years). The shifting groups of probands created by this procedure were obviously highly overlapping. However, our intent was not to obtain independent estimates of risk and then test the differences between AD groups or between groups of probands with AD and elderly probands without dementia; such testing here would not be appropriate. Instead, our aim was to visually represent the changing levels of mediumterm risk in groups of elderly probands as the onset age gradually increases in probands with AD.
In addition, for each of the overlapping proband groups created, we calculated the 10-year, age-specific hazard rates of the relatives of each group of probands with AD and elderly probands without dementia for every year from age 60 to 90 years. The large number of relatives assessed permitted the use of a 10-year interval for the age-specific hazard rates (as opposed to the 15-year intervals we used to group the probands). Hence, at age 60 years, for each of the overlapping probands with AD (and for the elderly probands without dementia), we calculated the 10-year hazard rate for their associated first-degree relatives (ie, an estimate of their per-year risk of AD between ages 60 and 69 years). Then we did the same at age 61 years, calculating the per-year risk between ages 61 and 70 years. In a given proband group, the change from 1 year to the next would reflect the effect of both dropping the first year in the earlier estimate and adding the next year beyond the earlier estimate. Again, such estimates will be highly overlapping and not appropriate for statistical testing one against another. However, a visual display of these rates would show the gradual change of the medium-term risk over the late life span in a given group of relatives. At the same time, scanning across the proband groupings would show the shifting levels of risk in groups of elderly probands without dementia defined by their relationships to probands with AD with gradually shifting onset ages. In this way, the patterns of risk that emerged would help reveal novel aspects of the complex relationship between proband onset age and the age of at-risk relatives.
We calculated HRRs for relatives in the groups of probands with AD using relatives of the elderly probands without dementia as the reference group. The HRR statistic is the hazard rate from one group (here, the relatives of probands with AD with a given range of age at onsets) over that of the reference group. Similar to a relative risk, the HRR is a measure of the extent to which, at a given age interval, the hazard rate is increased (HRRϾ1.0) or decreased (HRRϽ1.0) over the hazard rate in the reference group. The data analysis and associated data plots relied on a program written with S-Plus 6 31 developed by 2 of the authors ( J.M.S. and G.C.) (available on request).
RESULTS
We assessed 4687 siblings and parents of probands with AD and 7649 siblings and parents of elderly probands without dementia. Demographic characteristics of these 2 samples are presented in the Table. The number of person-years among at-risk relatives used to calculate agespecific hazard rates varied according to both onset age of probands with AD (or age at assessment of elderly probands without dementia) and the age of the at-risk rela- Figure 1 present personyears of at-risk relatives of probands with AD and elderly probands without dementia. To be consistent with all subsequent Figures, the x-axes showing increasing age of the relatives run from right to left. Similarly, the yaxes showing increasing onset or assessment age of the probands run from top to bottom. Scanning from right to left, each contour represents a decrement of 500 personyears. Thus, for example, there were approximately 13 500 person-years to assess the 10-year hazard rate from age 65 years among at-risk relatives of probands with AD with a median onset age of 75 years and for relatives of elderly probands without dementia, at the same coordinates, there were approximately 23 000 person-years. Figure 2 is a 3-dimensional surface plot showing the hazard rates of AD in relatives of probands with AD and, separately, elderly probands without dementia by relative age (x-axis) and by onset age of probands with AD (y-axis) (Figure 2A ) or assessment age of elderly probands without dementia (y-axis) ( Figure 2B ). The zaxis in each plot represents the age-specific, 10-year hazard rate of AD in the relatives of the respective proband groups. Among the relatives of the probands with AD, the rates of AD were zero or very low at early ages across all onset ages of probands with AD. As expected, as the age of the at-risk relatives increased, these rates rose substantially. For relatives of probands with AD with earlier onset ages, however, the rise in hazard rates began earlier, increased more sharply, and reached a higher level than relatives of probands with AD with progressively later onset ages. Figure 2 shows that the 10-year hazard rates for the relatives of the probands with earlier-onset AD peak in the late 70s (indicating highest incidence rates from around age 75 to 85 years), the relatives of the probands with later-onset AD show their peak 10-year hazard rates later, after age 80 years (indicating peak rates from the early 80s to the mid 90s). As expected, the relatives of the elderly probands without dementia also showed increasing 10-year hazard rates with increasing age, but compared with the relatives of probands with AD these rates rose later, did not rise as high, and, while some downward sloping was evident across ages of elderly probands without dementia, they were generally more uniform across the y-axis.
We then assessed the 10-year HRR for the relatives of the probands with AD (Figure 3) . We chose one 15-year band of elderly probands without dementia (age range, 75-89 years; median age, 82 years) as the reference group. In this group, there were 22 695 personyears available for analysis at age 60 years, 15 070 at age 70 years, 6420 at age 80 years, and 1225 at age 90 years. Hence, all the hazard rates of AD in relatives of probands with AD represented by the surface in Figure 2A were divided by the hazard rates for this single group of relatives of elderly probands without dementia. By holding the reference group constant, variations in HRRs were more easily interpreted. As depicted in Figure 3 , the highest HRRs were observed in the youngest relatives (approximately ages 60-63 years) of probands with AD with the earliest onset ages (also approximately ages 60-63 years). From this peak, the HRRs diminished across the x-axis, across the y-axis, and diagonally across the surface.
Each set of coordinates in Figure 3 represents an HRR and has an associated 95% confidence interval, a function both of the effect size and the size of the sample (which diminishes with increasing age and, hence, increases the uncertainty of the estimate). We calculated the 95% confidence intervals for all the HRRs shown in Figure 3 . Figure 4 is a contour plot of the lower limit of these confidence intervals from less than 0.8 to greater than 2.5. The overall pattern is roughly similar to the HRR values, highest for younger relatives of probands with earlier-onset AD and generally lower in all directions as age in relatives and ages at onset in probands with AD increase. The lower limit confidence intervals did not exceed 1.0 after ages in the early 80s for either the age of relatives or the median onset age of probands with AD.
COMMENT
We used a novel approach to graphically represent the shifting levels of risk of AD in relatives of probands with AD and elderly probands without dementia as onset age of probands with AD (or assessment age in elderly probands without dementia) and the age of a specific relative varies. The risk of AD to relatives of probands with AD not only increases with increasing age at least until the age mid to late 80s, it also varies with the age at onset of the proband with AD, decreasing as the onset age of the proband with AD increases. The 10-year, age-specific hazard rate estimates thus use both smoothly shifting proband onset age and the age of a given relative, providing improved estimation of the risk of illness for first-degree relatives of probands with AD over those without making onset distinctions or using arbitrary dichotomies. These calculations permitted the construction of an HRR surface plot, which revealed the variability of familial risk of AD depending on the onset age of the proband as well as the age of the relative. In addition, the surface observed was influenced by the use of elderly probands without dementia aged 75 to 89 years who, by virtue of their age and dementia-free status, may be less likely to carry genetic risk factors, such as APOE e4, for AD (and perhaps more likely to have genetically influenced increased longevity). A younger reference group, with greater likelihood of genetic liability for AD, would likely reduce to some extent the heights observed on the HRR surface.
The HRR surface helps to evaluate several competing hypotheses regarding familial aggregation in later-onset (Ն60 years) AD. One hypothesis regarding the influence of genetic risk factors in AD is that, with the obvious exception of the very early-onset (typically Ͻ55 years), mendelian-transmitted AD, they are essentially uniform across late life.
32 If this were so, then the HRRs would not vary by onset age of the proband with AD or relative age. On a 3-dimensional plot, a surface representing the HRRs for different proband onset ages and relative ages would tend to be flat. A second hypothesis is that the onset age of AD itself is a familial trait across the late life span. Under this hypothesis, HRRs would be highest approximately around the point where the proband onset age and the age of relatives coincide. On a surface plot, this would create a diagonal ridge running approximately from the proband with early-onset AD/younger relative age corner to the proband with lateonset AD/older relative age corner. As the base rate in the reference group increases with age, the n-fold increase in the HRR for relatives of probands with AD may be subject to a ceiling effect. Even so, under the hypothesis that onset age is a heritable trait across the late life span, a diagonal ridge (or bulge) on the HRR surface plot would still be evident, albeit with a declining slope.
The HRR surface supports neither of these 2 hypotheses; the surface is neither flat nor is any ridge present across the full diagonal. Instead, the plot shows a ridge Figure 2 . The 10-year hazard rates of Alzheimer disease (AD) (z-axis) in relatives of probands with AD (A) and elderly probands without dementia (B) by relative age (x-axis) and the age at onset (probands with AD) or age at interview (elderly probands without dementia) of the probands (y-axis). . This ridge has a distinct peak at the early 60s proband onset age/early 60s relative age corner and then slopes downward with increasing proband onset age. Also from this peak and the higher portions of the ridge (ie, earlier proband onset ages) there is a steep slope as the age of relatives increases to the early 70s. The flattest and lowest section is in the quadrant for older (Ն70 years) relatives of probands with later onset (Ն75 years). For all of these relatives, the lower 95% confidence intervals fell lower than 1.0 after the early 80s. It is possible that with a larger sample of very old relatives more of the lowerlimit confidence intervals associated with these HRRs would have been greater than 1.0, but it is the observed pattern of risk observed herein that is most telling. The decreasing HRRs with increasing age of the relatives, of course, refer to decreasing relative risks. Relatives of probands with AD still face an increasing risk of AD with increasing age (at least until the oldest age ranges). However, the rate of growth among the relatives of the probands with AD becomes comparable with the risk of AD among elderly probands without dementia with increasing age. These data thus support a third hypothesis, that genetic risk factors for AD primarily affect the expression of AD at onset ages in the seventh and, to a lesser extent, the eighth decade. Regardless of the age at onset of the proband with AD, however, familial/ genetic risk factors explain much less of the occurrence of AD arising among the oldest old, when AD incidence is highest.
Until relatively recently, there was little evidence available supporting the widely held assumption that genetic risk factors have a diminished role in later-onset AD compared with clinically identified early-onset AD. A recent twin study, for example, failed to detect differences in heritability of incident AD at younger and older ages, 33 but the sample was small (reducing power), and only the heritability estimate for the younger twin pairs was significant. 34 Also, in earlier family history studies using the conventional but arbitrary onset age of 65 years to divide early-onset from late-onset probands, no differences in familial aggregation were identified. 6, 7, [35] [36] [37] [38] However, as familial investigations used larger samples and considered age-specific HRRs or alternative proband onset ages to define early vs late onset, compelling evidence suggesting decreasing influence of genetic risk with increasing age began to accrue. [6] [7] [8] 22 The sole definitive genetic risk factor for AD, APOE, is most potent primarily prior to age 70 or 75 years and has little to no impact in late life 3, [39] [40] [41] [42] [43] [44] [45] [46] [47] and may affect the age at onset of AD more than overall lifetime susceptibility. [13] [14] [15] The HRR surface plot can be used to estimate the medium-term (10-year) relative risk of AD that is associ- ated with a first-degree relationship with someone with AD. For example, a 67-year-old woman may be concerned about the level of increased risk she faces because her father developed AD at age 75 years. Using the HRR plot, one can find an optimized estimate of her present 10-year HRR by determining the z coordinate at the intersection of her own age, 67 years (the x-axis), and her father's onset age, 75 years (the y-axis). Thus, this woman faces an approximately 8-fold increased risk of AD over the next 10 years compared with family members of elderly probands with dementia between 75 and 89 years of age (the reference group used to derive the HRRs). In contrast, the optimized estimate for another 67-year-old woman whose mother developed AD at age 84 years faces an approximately 3-fold increased risk over the next 10 years compared with the same reference group. Comparisons such as these are facilitated by our decision to use a single subgroup of relatives of elderly probands without dementia (age at assessment, 75-89 years; median age, 82 years) as a reference group to calculate the HRRs for the relatives of the probands with AD. While it must be stressed that these HRRs are approximations only, they nevertheless improve on the use of a single relative risk statistic for family members of all probands with AD and at all ages.
Limitations of this study include our inability to directly verify the cognitive status of the relatives and the possibility that, perhaps especially at very old ages, new cases of AD may be misclassified as unaffected through our informant-based methods and rates of censorship will increase. Similarly, in the absence of neuropathological confirmation, proband classification is vulnerable to error. Concerning relatives, like most familial aggregation studies of very late-onset disorders, those of greatest interest would have been missed under the usually desirable direct family study approach because most affected relatives had already died along with most of the oldest relatives. Furthermore, studies of the family history method show good reliability and good agreement for both relatives of probands with AD and elderly probands without dementia and classification agrees well with independently derived clinical assessments and neuropathologically derived diagnoses. 18, 19, [25] [26] [27] Consistent with accurate classification of the elderly probands without dementia, the patterns of rate ratio obtained in their relatives were found to be comparable with those in US population-based incidence studies (comparison data not shown). Finally, the observed patterns of familial risk in this study do not depend on the precise numbers of those with and without dementia identified among the relatives but on relative differences among the groupings of relatives of probands with AD and elderly probands without dementia. Provided such occasional errors are not disproportionately associated with 1 group, given the large sample sizes used, the overall patterns of risk are likely to be robust.
The results provide evidence that in relatives of probands with AD the role of genetic risk factors steadily decreases with increased age and as the onset age of the proband with AD increases. By genetic risk factors, we mean alleles for genes associated with an increased risk compared with the most common alleles. Our results do not suggest that genetics per se play no role in later-onset AD. Rather, they suggest that liability alleles involved in the pathophysiologic features of very late-onset AD may be so ubiquitous, perhaps even monomorphic, that no differences in risk can be discerned between relatives of probands with AD and elderly probands without dementia. Identifying such genes may ultimately depend on studying families of cognitively successful, very elderly individuals (ie, studying atypical families who may carry rare genetic protective factors). With respect to nongenetic factors associated with AD, because there is still variability at any given late age among those who develop AD and those who don't, studying elderly probands without dementia showing the HRR levels closest to 1.0 may be an especially ideal target for identifying environmental AD risk factors; the present results suggest that such factors are likely to have a disproportionately strong role in very old age. 
